In this paper, we present DrAFTS -a methodology for predicting the value a user should bid in the AWS Spot tier to ensure that the request lifetime exceeds a fixed duration with a given probability. DrAFTS uses previous price histories for each category of request to determine both the minimum bid value and the concomitant duration associated with that value that is "guaranteed" with a specified probability. We also describe how DrAFTS can be used to determine the duration associated with overbidding the minimum by a specific percentage.
Introduction
Infrastructure as a Service (IaaS) is a form of cloud computing in which computational infrastructure componentry (computers, network connectivity, storage capabilities, delegated identity, etc.) can be "provisioned" via one or more web-service interfaces. "Public clouds" such as Amazon's Amazon Web Services (AWS) [5, 14, 15 ], Google's Google Compute Engine [9, 13] implement IaaS using virtualized resources as rentals that are available to the public. Customers who rent these capabilities via an e-commerce transaction do so under the terms of a Service Level Agreement (SLA) for each IaaS service they choose.
The predominant public-cloud vendor of IaaS services today is Amazon, and its Elastic Compute Cloud (EC2) [6] is the most popular venue for renting virtual machines to the general public.
Virtual machines are available in two quality-ofservice service (QoS) tiers from AWS, each governed by a different SLA. The SLA for the On-demand tier guarantees at least 99.95% availability during each month of usage or a 10% dollar-cost refund can be issued. Additionally, less than 99% availability results in eligibility for 30% refund, which is the maximum offered. By contrast, in the Spot-market tier, the SLA stipulates that a virtual machine will run until the maximum price its owner is willing to pay is exceeded by the "Spot price" set by Amazon as a function of supply and demand [3] (or an outage occurs, for which no probability is given).
Because the SLA for Spot instances does not provide a probabilistic guarantee on instance lifetime, the price of a instance in the Spot tier is often significantly lower than in the On-demand tier. This discount often makes the Spot tier attractive to High-performance Computing (HPC) users, particularly is academically funded research contexts. HPC applications, however, typically require long-running, uninterrupted access to the computing resources they use and resources in the Spot tier carry no guarantee of sustained availability.
In this paper we describe a method for determining probabilistic guarantees of availability for Amazon AWS Spot instances called DrAFTS which is an acronym for Durability Agreements From Time Series. DrAFTS uses a non-parametric statistical prediction algorithm, to make predictions of bid prices that will "win" in the AWS spot market. It also quantifies (using back-testing) the duration over which these bid prices will persist with a specified probability. Thus, given such a probability as input, a DrAFTS prediction is an ordered pair consisting of
• a price -a maximum bid price that an AWS Spotmarket customer should bid in order to minimize the cost, and
• a duration -the duration over which that bid price will be sufficiently high to prevent the Spot instance from being terminated either because the Spot price has risen or because the supply of available Spot instances (termed the available "Spot pool" by Amazon) has decreased such that the output price will result in the output duration with a probability at least as high as the one used as input. Assuming the probability of outage is negligible, then, each DrAFTS prediction provides a guarantee that can be used in an SLA (in terms of availability) for a Spot instance and the price that the customer must pay to obtain that guarantee.
DrAFTS Implementation
We describe the DrAFTS prediction methodology and its implementation as an on-line prediction service that can be accessed from the URL given in [22] . DrAFTS is designed to incorporate new pricing data as it becomes available. The DrAFTS service implementation queries AWS Spot-market pricing data [2] periodically (every 15 minutes in this study) and updates its predictions so that they are for the current time frame. We demonstrate, using historical pricing data available from AWS, the efficacy of the methodology. We also discuss the tradeoff between accuracy, statistical soundness, and performance in the implementation.
AWS ECSpot Instances and Prices
Under the "EC2-Classic" style of AWS usage (one that does not use the Virtual Private networking feature) a user requests a Spot Instance by specifying a three tuple of (Region, Instance type, Max bid price)
EC2 is organized as independent Regions, each of which constitutes essentially a separate instantiation of the EC2 functionality. That is. EC2 resources are not shared across Regions (although cross-Region data sharing is facilitated by the Simple Storage Service [4, 7] ). Each Region is divided into Availability Zones (AZs), which define pools of resources with purportedly independent failure probabilities so that the joint probability of failure in multiple zones can be determined. Each Spot instance runs in a single Region and AZ. The user must specify the Region, and can specify the AZ or can elect to allow the Spot service itself to select an AZ in the Region. It is also possible to specify that a group of Spot Instance requests be treated as a unit with respect to initiation (they will be put in the same AZ) and termination (they will terminate together). A user initiating a Spot instance request specifies a maximum bid price. The Spot service keeps the maximum prices hidden from other users. An Spot instance request will be initiated when the maximum bid price exceeds the current market price and the user is charged the market price per hour that the instance runs. If the market price exceeds the maximum bid price, the instance is terminated. If the market price is equal to the maximum bid price, the instance may be terminated if the size of the Spot pool decreases. Amazon does not describe the conditions under which capacity will be removed from or added to the Spot pool.
The market price is set as follows. When a new request is issued or the Spot pool shrinks, the outstanding maximum bids are sorted in descending order and resources from the pool are allocated (based on request size) exhaustively in order of bid size until no more requests can be accommodated. The smallest maximum bid price for a request that can be accommodated is the market price.
Thus, the duration that an instance will run before it is terminated is determined (assuming that the hardware failure probability is negligible) by the time until the market price exceeds the maximum bid price for the instance. The goal of DrAFTS is to predict a combination of maximum bid price and duration at the time of an instance request that will ensure that the predicted maximum bid price does not exceed the market price for at least the duration of time predicted with the specified probability.
Spot Instance Price Histories
AWS makes the Spot price history for each instance type, in each Region and AZ available via a web-accessible Application Programming Interface (API). The histories record the time when the market price changes and up to 90 days of previous time period are available for each history.
In this study, we have accumulated price histories for the us-east-1, us-west-1, and us-west-2 AZs spanning the period from November 2014 to December 2015. The API is queried every 15 minutes for the previous 2 hour period (to account for possible dropout) and duplicate entries are removed. We further restrict the DrAFTS predictions discussed in Section 4 to the Linux/UNIX images (Suse and Windows images are also available in the Spot market at different price points).
The price data is updated every 5 minutes, and there are two sources are available for this information. Amazon publishes the lowest spot price for each instance type in each region (i.e. the lowest spot price across all AZs in a region) via a publicly accessible web page. However, it also discourages the practice of "scraping" this page for the current regional Spot price for reasons that are unclear to us.
The second source, and the one recommended by Amazon, is via the AWS web-services API. Rather than providing pricing data on a regional basis, the webservice API returns prices for each instance in each AZ of each region. The regional Spot price from this data is the minimum (at any given time in the pricing history) across all AZs in the region. In this study, we use this aggregation method (and not "scraped" data) to determine the regional Spot price. We hope to develop an AZ-specific capability as part of our future work.
Also, the documentation for the API indicates that each element in the price history "merely indicates the last time that the price changed." However, some histo-ries include consecutive records that do not show a price change. For example, consider the following segment from the price history for the t1.micro instance type in the us-east-1b AZ. Notice that the time stamps occur more frequently than every 5 minutes and that the prices do not change.
The explanation for this discrepancy is not entirely clear. One reason may be that the data is being slightly obscured to help balance the load across AZs. Amazon attempts to prevent its community of users from overloading any one AZ by changing the AZ names that are reported based on the user ID associated with the API request. Apparently, users have a preference for for AZ names that are "lower" and thus occur earlier in a lexigraphic sorting of the names. To prevent such "herd behavior," Amazon ensures that each user gets a different mapping of AZ names to resources. Indeed, it is likely that the reason only regional and not per-AZ data is available via a public web page is that the web request does not require a valid AWS user ID.
One way to circumvent this obscured mapping would be to compare Spot-price histories from different users. It may be that Amazon is changing the histories slightly so that the time stamps cannot be used to determine a globally consistent naming scheme for AZs.
Another alternative possibility is that each time stamp represents either a price change or a change in the size of the Spot Pool. Note that there are two circumstances under which a Spot instance will be terminated: Either the maximum bid price associated with the instance is exceeded by the market spot price, or the maximum bid price is equal to the market price and the size of the "Spot Pool" shrinks. AWS does not make data about the size of the Spot Pool available since, presumably, it is affected by demand for non Spot resources and overall AWS load is held as a trade secret. Therefore, in this study we assume that each record in the price history either indicates a price change or is a duplicate that does not convey any new information.
Methodology
The DrAFTS prediction mechanism takes, as a parameter, a target probability (say, 0.95) and returns the lowest maximum bid price and the duration the price will meet or exceed the market with at least that probability. Thus, from the perspective of a user of the Spot tier, it answers the question For a specified probability, can we meaningfully generate a price and a duration so that bidding that price gives a probability at least as great as that specified that the job will run for that duration before being terminated?
That is, DrAFTS attempts to find the lowest maximum price to bid that will guarantee a duration of execution such that the probability of "success" -defined as the instance running for at least the time duration returned by DrAFTS -is greater than or equal to the target probability.
Note that as the price approaches the current market price the duration approaches zero since any bid at market price is immediately eligible for termination. Notice also that any bid price above the DrAFTS predicted bid price will also meet the probability target (any probability greater than the target is acceptable). A bid price above the DrAFTS bid will also potentially increase the durability of the bid but with the added risk associated with paying a higher price. DrAFTS applies QBETS (described in the next Subsection) to the most recent time series of price history data from AWS to determine both the maximum bid price and the duration. It is intended to be used on-line, as part of a service like the one available from [22] . The service queries the AWS for the "latest" price history data for a specific AWS instance type, executes the DrAFTS mechanism using this price history and a target probability as inputs, and produces a predicted maximum bid price and predicted duration for that instance type. If the user makes a request using this "fresh" prediction, then, it should be instantiated and "survive" for at least the quoted duration with the probability given.
In this way, DrAFTS predictions play the same role that a quantified reliability quotation does in a reliability SLA. However, they are slightly more restrictive than the SLAs given by Amazon in that they are for continuous availability durations. Technically, the AWS SLA specifies a percentage of availability time that is cumulative. That is, as long as the instance appears available for for 99.95% of the seconds in a month, the AWS SLA is fulfilled. The DrAFTS probability refers not to the cumulative availability, but to the continuous availability of a specific instance request.
QBETS: Quantile Bounds Estimation from Time Series
DrAFTS uses Queue Bounds Estimation from Time Series (QBETS) [17, 19] , a non-parametric time series analysis method that we developed in prior work. We originally designed QBETS for predicting the scheduling delays for the batch queue systems used in high performance computing environments but it has proved effective in other settings where forecasts from arbitrary times series are needed [16, 8, 20, 12] . In particular, it is both non-parametric and it automatically adapts to changes in the underlying time series dynamics making it useful in settings where forecasts are required from arbitrary data with widely varying characteristics.
A QBETS analysis requires three inputs:
1. A time series of data. 2. The quantile for which a confidence bound should be predicted (p ∈ (0, 1)). . 3. The confidence level of the prediction (c ∈ (0, 1)).
QBETS uses this information to predict an upper bound for the q th quantile of the time series. It does so by treating each observation in the time series as a Bernoulli trial with probability q of success. If there are n observations, the probability of there being exactly k successes is described by a Binomial distribution (assuming observation independence) having parameters n and q. If Q is the q th quantile of the distribution from which the observations have been drawn, the equation
gives the probability that no more than k observations are greater than Q. As a result, the k th largest value in a sorted list of n observations gives an upper c confidence bound on Q when k is the smallest integer value for which Equation 2 is larger than c. QBETS also attempts to detect changepoints in the time series of observations so that it can apply this inference technique to only the most recent segment of the series that appears to be stationary. Details of an efficient implementation as well as a fuller accounting of the statistical properties (including correction for autocorrelation) and detailed assumptions are available in [17, 19, 16, 8, 18] .
DrAFTS Prediction Methodology
DrAFTS uses QBETS to predict an upper bound on maximum bid price and a lower bound on duration. It uses the square root of the desired target probability as the q th quantile and, in the study, a value of 0.99 for the confidence level c. While other probability combinations are possible to reach the target probability, experience shows us that using square roots strikes a good balance between keeping a bid low (i.e. near the current price) and yielding a usable duration. Similarly, we choose c = 0.99 to illustrate how DrAFTS could be used as the basis for an SLA. If a statistical guarantee that is less stringent is useful, then smaller values of c can be used.
DrAFTS uses QBETS to create a history of predictions, one each each point in the price history series where pricing data is available. It then records the duration in the previous history over which each prediction is "valid," where a valid prediction is one that is greater than or equal to the Spot price it predicts. That is, for each QBETS prediction in the prediction history, DrAFTS computes the duration until that prediction is no longer sufficient to prevent AWS from terminating a Spot-instance due to price if the QBETS-predicted price had been used as the maximum bid price. This procedure generates a history of durations, one per QBETS prediction. DrAFTS then uses QBETS again to predict a lower confidence bound bound (again with c = 0.99) on the 0.025 (= 1 − .975) quantile of the duration -note here that we use the conditional probability that the price allows the instance to run in the first place -based on the duration history.
Backtesting
Both as a diagnostic and to improve the credibility of the bid forecasts, DrAFTS uses backtesting for each instance type price history and reports the fraction of successful predictions. That is, each time a DrAFTS prediction is generated, the method also generates a random sample of previous predictions for which the outcomes can be observed. To do so, it repeatedly chooses a time stamp at random in the previous price history and runs the DrAFTS algorithm using the data before that time stamp in the history. The fraction of correct predictions over the sample is reported as the observed success probability.
Results
We begin with an example of the predictions generated by DrAFTS. For each region, Table 1 shows the current predicted bid price (plain-faced text), the duration in hours (bold-faced text) and the probability that the predicted price will prevent an eviction for at least the duration shown based on a back-testing sample size of 100 using the previous months pricing history.
While there are 129 different possible combinations of instance type and region, Amazon supports 120 of them. The 9 that are not supported are represented by blank elements in the table. This particular example was gathered on September 2, 2015 from the on-line service located at the URL shown in [22] . The target probability set for the service is at least 0.95. That is, the table shows the price to bid in the region to achieve at least a 0.95 probability of having the instance "survive" for the duration shown. The probability shown in the table is a verification (through backtesting over the previous month's price history) that the predicted duration is valid. Thus, when the probability in the table is greater than or equal to 0.95, the prediction methodology has been successful at least 95% of the time in identifying a lower bound on the duration associated with a predicted price during the previous month. For these entries, it is then "reasonable" to assume the given predicted maximum bid will generate at least the duration of lifetime with at least a probability of 0.95.
These predictions are conservative in several ways. First, as noted in Section 3, QBETS generates a conservative bound. Thus, each QBETS prediction is larger or smaller that the "true" quantile with the (high) probability supplied to it as parameters. Second, the price prediction is intended to serve as the maximum bid for a Spot instance. The actual price a user of DrAFTS will pay is statistically guaranteed to be less than or equal to this maximum bid price. Finally, the times shown are the time until the instance is eligible to be terminated because of price. AWS does not document the algorithm it uses to determine which instances will be terminated due to a supply shortfall when the size of the Spot Pool shrinks; this makes it difficult to quantify the degree of underestimation. However, it is noteworthy that even with such conservative estimates, relatively long statistical guarantees are possible for some instance types in some regions. For example, from Table 1 on September 2, 2015 a maximum bid $0.0071 for a m1.small instance type in the us-east-1 region results in the instance starting and being eligible for termination (with probability at least 0.95) no sooner than 31.21 hours after it is instantiated and the fraction of DrAFTS predictions that were successful for this instance type-region combination over the previous month is 0.98.
Prediction Correctness versus Tightness
Implicit in this exposition is the notion that a DrAFTS prediction of bid price and duration is correct if the duration an instance will experience until it is terminated the predicted duration. The probability quoted with each prediction is the fraction of recent previous predictions (taken from a random sample) that have proved correct in this way.
While this definition is sufficient with respect to the provision of a minimum statistical guarantee of future availability, it does not take into account the degree of over-estimation that this level of statistical certainty engenders. For example, it is possible to construct a predictor that is trivially correct with a fraction of 0.95 under this definition by choosing a large maximum bid price (say, $1000) and a short duration (300 seconds) for 95 out of every 100 predictions made and a low bid price with a long duration for the other 5 predictions per 100. Overall, the predictor would be correct "95% of the time," but the correct predictions would be impractically conservative.
To investigate the tightness of the DrAFTS methodology with respect to bid price, we show the average ratio of the DrAFTS-predicted maximum bid price versus Spot price from a sample taken over one month's period in Figure 1 . Due to space considerations, we show the data in graphical form rather than tabular form. As a result, the specific instance-type and region names associated with each measurement are not shown in in the figure. Instead, we enumerate the instance-type-region pairs shown in Table 1 using row-major order. That is, us-east-1-c1.medium has index 1, us-west-1-c1.medium has index 2, us-west-2-c1.medium has index 3, us-east-1-c1.xlarge has index 4 and so forth. In the figure, the x-axis shows the index of each combination and the yaxis the average ratio of DrAFTS maximum bid price to 1  6  11  16  21  26  31  36  41  46  51  56  61  66  71  76  81  86  91  96  101  106  111  116  121 current Spot price over the month under study. A ratio of 1.0 indicates, on the average, that the DrAFTS prediction for the maximum bid price was equal to the Spot price at the time of the prediction. We see from the graph that the average ratio exceeds 2.0 for only 12 of the 120 different possible instance-type-region combinations, and only 3 exceed a ratio of 3.0. For the majority of the combinations, the ratio is substantially below 2.0 indicating that a maximum bid that is less than twice the current Spot price (on the average) is sufficient to achieve a 0.95 probability bound. Determining the tightness of DrAFTS predictions with respect to duration is more problematic since the "true" duration information is not available from Amazon. Further, running Spot instances to generate a sample of observed durations for all 120 different instance-typeregion combinations over the course of a month represents a considerable expense for a significant sample size. Instead, in Figure 2 we compare the DrAFTS duration prediction to a prediction made using the empirical quantile value taken from the data.
The empirical quantile is simply the quantile taken from a sample of the data. For example, the empirical 0.95 quantile from a sample of size 100 is the 95 th largest value in the sample. From a practical perspective, many practitioners often use the empirical quantile from the AWS price history data as an estimate of the "true" quantile. However, since it is drawn from a random sample, it is itself a random variable that varies "around" the true quantile of the distribution from which the sample is drawn. Figure 2 shows the average difference between the 0.95 lower bound on Spot-instance duration when computed using DrAFTS and using the empirical quantiles in place of DrAFTS predictions (including the correction for equality). For each combination of instance-type and region, we generate a random sample of 100 time stamps from the month preceding September 2, 2015. We then use backtesting (described in Section 3) to generate equivalent analogous predictions using DrAFTS 1   1  6  11  16  21  26  31  36  41  46  51  56  61  66  71  76  81  86  91  96  101  106  111  116  121 empirical quantiles and show the average difference (in seconds) in the figure. Because the predictions are obtained in identical manners except for the use of the empirical quantile instead of QBETS in each prediction, the result shows the average degree of "conservativeness" in duration prediction that DrAFTS introduces over simply using the observed quantiles at each point in time. That is, the larger the value shown in Figure 2 , the shorter the time-to-termination eligibility (i.e. the durability) predicted by DrAFTS relative to using the empirical quantile to make the same prediction. This difference (which for some combinations is substantial) represents the degree conservativeness DrAFTS adds to the empirically observed quantiles to ensure that its predictions are correct with respect to the specified target probability.
Comparing Correctness of DrAFTS and Empirical Quantiles
Because the DrAFTS durability conservativeness relative to the empirical quantile is so large in some cases, it is worth investigating where the empirical quantile method is a reasonable alternative to the use of QBETS for DrAFTS. Figure 3 shows a comparison of correctness (using backtesting with a sample size of 500 from the month ending September 2, 2015) between DrAFTS duration predictions and duration predictions made using the empirical quantiles. The target probability in both cases is 0.95 and the only difference (as is the case in Figure 2) between the two cases is in how the bounds are determined. The x-axis in the figure shows the index of the instance-type-region combinations (as in Figure 1) . The y-axis shows the fraction of correct predictions, from a random sample of 500 time stamps taken from the month ending September 2, 2015, determined during back testing. The light-colored bars are for DrAFTS predictions, and the dark-colored bars depict correctness fractions for the empirical quantile method. In this experiment, the target fraction is 0.95 (indicated by the thick horizontal line in the graph). Thus any correctness fraction that is less than 0.95 fails to achieve the desired target correctness set for the experiment. DrAFTS predictions for all 120 combinations for which there is historical Spot price data in this experiment meet the correctness criteria (all light-colored bars are at or above the thick horizontal line).
From the coloration in the figure, it is clear that many, but not all of the empirical quantile predictions are "correct" under our definition (not all dark bars reach the thick horizontal line). Thus by being conservative in the degree shown in Figure 2 , DrAFTS is able to achieve correctness for all instance-type and region combinations automatically without the need for additional analysis. In contrast, the empirical quantile method is correct for some but does not provide a "guaranteed" correctness for all.
Determining the Price of Durability
Most typically, users of the AWS Spot tier require a way to answer the question What bid minimizes the potential spend while guaranteeing a specific target duration?
For example, a high-performance computing user who knows that her job will not exceed 1 hour in duration would like to know what to bid to both minimize the cost and guarantee at least 1 hour before an eviction is possible.
DrAFTS generates answers to such queries by incrementally computing the durations associated with successively larger amount of "overbidding" with respect to the minimum. Note that in the same way DrAFTS computes the minimum time until eviction for the minimum bid, it can also compute the minimum time until eviction for the minimum bid plus a small percentage. Further, as the percentage of "overbid" increases, the minimum time until eviction should either remain the same or increase.
For example, Figure 4 shows the relationship between bid price and guaranteed duration for the c4.large instance type in the us-east-1 region on October 30, 2015. Each duration along the x-axis corresponds to a bid (on the y-axis) which, when submitted, assures that duration with a probability of at least 0.95. To generate this graph, DrAFTS computes the durations associated with overbids up to 400% above the DrAFTS minimum in increments of 5%. We choose 400% because AWS limits the maximum bid that will be accepted to be less than or equal to 400% of the current Spot price.
From the graph, it is possible to determine what maximum bid to offer that both ensures a specific duration and limits the potential expenditure to the minimum achievable by the prediction methodology. For example, a user wishing to guarantee at least 4 hours (14400 seconds) before her c4.large instance would be eligible for termination (with probability at least 0.95) would submit a Figure 5 : Correctness of DrAFTS minimum bid price for duration of 1 hour with probability 0.95 or better uswest-2 for two weeks ending December 2, 2015 maximum bid of $0.025 to the Spot tier. Notice that this bid determines the maximum she will pay for each of the 4 hours of occupancy. Thus, using DrAFTS, a user can know what bid is sufficient to assure a desired duration of execution and, in so doing, determine the maximum cost that should be paid to achieve this duration. At the same time, this cost is the minimum achievable according to the underlying price dynamics detected by DrAFTS. We do not contend that the DrAFTS prediction is "the" minimum bid that is possible. That is, another prediction methodology might be able to provide a lower potential cost while also making the same statistical guarantee of duration, but as of this writing, we are not aware of an alternative approach that is more effective.
In Figure 5 we show the correctness results obtained by backtesting the bid calculation for a 1 hour assured duration and probability at least 0.95 over all instance types in the us-west-2 region for a two-week period ending on December 2, 2015. We show these results for a single region zone (as opposed to all regions as in Figure 1 and Figure 2 ) so that the correctness fraction for each instance type may be represented explicitly (instead of by row-major index). To generate these results, we captured the price history for each instance type uswest-2 over a two week period. We then chose 200 non-overlapping intervals in each trace and computed the cost-duration graph (as in Figure 4 ) at the beginning of each random interval. We then compared the price corresponding to a 1-hour assured duration to the maximum price that AWS reported during the interval. Figure 5 shows the fraction of correct predictions made. Each fraction of 0.95 or greater corresponds to a correct prediction. That is, DrAFTS determined a correct bid to assure at least 1 hour of occupancy with probability at least 0.95 for every instance type in us-west-2 over the test period. The results for us-west-1 and us-east-1 are similar (and omitted for the sake of brevity).
Summarizing, DrAFTS is able to determine what maximum bid to submit to ensure that a specific minimum duration interval is guaranteed by that bid with a specified probability. For a fixed success probability (0.95 in these experiments) it computes a minimum interval and bid price necessary to achieve that interval for each instance type in each region. It then generates a two-dimensional graph of durations and bid prices by incrementally calculating the durations associated with overbidding for each region-instance type pair. From these graphs, the minimum DrAFTS bid that should be used to ensure a specific duration with the given probability may be determined.
Related Work
In [11] the authors examine the question of using "live migration" to avoid downtime when a web service is hosted in the Spot tier. Using nested hypervisors, they describe a scheduler that can migrate a running web service between Spot instances and to do so without incurring an outage, their scheduler must predict when a Spot instance will be terminated in the future. Our work complements this approach in that it attempts to provide a way to determine the probability and duration until a termination may happen.
The work described [10] postulates the use of Paxos (a distributed consensus algorithm) to manage replicated application state Spot instances. It then attempts to solve a cost minimization that is based on a Markovian state model. The authors estimate transition probabilities directly from the Spot price histories.
Our work differs from this work in several ways. First, we focus exclusively on predicting the time until Spot instance termination as a function of the probability target provided to the DrAFTS algorithm. Using QBETS our technique also takes into account the effects of autocorrelation in each Spot price history. However, because it provides a bound on duration, it may be possible to use DrAFTS as a method of estimating the Spot instance failure probabilities that their methodology requires.
The authors of [21] describe a neural-network based approach to predicting prices in the Spot tier. Their approach (based on a mixture of Gaussians and a BoxJenkins time series methodology) generates one-step ahead predictions (with a granularity of 1.3 hours) for the spot market that are quite accurate. However they point out that predicting the market for longer time frames should be encouraged as future research. DrAFTS constitutes such research in that it combines QBETS predictions of the bounds on price (for the next 5 minute interval) with a duration prediction essentially providing predictive bounds for arbitrary durations into the future. The length of the prediction interval is determined by the probability of the bounds being too high.
Finally, the authors of [1] investigate, at some length, the market dynamics associated with the AWS Spot tier. Their hypothesis is that pricing in the Spot tier is not driven solely by client demand (i.e. AWS introduces hidden externalities that affect pricing). We concur with the analysis presented in [1] , motivating us to turn to QBETS as an efficient adaptive technique. Again, DrAFTS is only providing a statistical bound predicted price and, thus, need not recover the "true"' underlying market dynamic completely. The efficiency of QBETS combined with its non-parametric nature makes it possible to adapt to any introduced externalities "fast enough" to make online prediction possible.
Conclusions and Future Work
In this work, we present DrAFTS (Durability Agreements from Time Series) as a methodology for predicting bounds on the prices to be bid in the Amazon AWS Spot tier and the durability of these bids. DrAFTS is adaptive, automatic, and non-parametric making it possible to be used without human intervention (e.g. as part of an on-line prediction service). We verify that DrAFTS is able to achieve a specified probabilistic bound on future survivability of instances in the Spot tier for a large set of instance-type-AWS region combinations. We also compare DrAFTS to a simple non-parametric approach (widely used colloquially) based on empirical observation of pricing data and find that it is more effective. Finally, we illustrate the relationship between bid pricing and the durability of DrAFTS statistical guarantees.
There are several ways in which we wish to improve upon the methodology. In particular, we focus on DrAFTS illustrations in this paper using regional Spot tier pricing data, but not at the AZ level because Amazon makes AZ pricing data user-specific. DrAFTS does work at the AZ level but the results are only meaningful to the user whose ID requests the pricing data. We wish to expand DrAFTS so that it is useful to users wishing to exploit its features for Spot instances launched in specific AZs.
